Experimental results of a study of the electric field in a plasma channel produced during nanosecond discharge at a H 2 gas pressure of ð2 − 3Þ × 10 5 Pa by the coherent anti-Stokes scattering method are reported. The discharge was ignited by applying a voltage pulse with an amplitude of ∼100 kV and a duration of ∼5 ns to a blade cathode placed at a distance of 10 and 20 mm from the anode. It was shown that this type of gas discharge is characterized by the presence of an electric field in the plasma channel with root-mean-square intensities of up to 30 kV=cm. Using polarization measurements, it was found that the direction of the electric field is along the cathode-anode axis. Nanosecond (ns) time scale electrical discharges in different gases at pressure P ≥ 10 5 Pa have been widely investigated [1] [2] [3] [4] [5] [6] [7] [8] due to the interesting physical phenomena involved. Such discharges are ignited by the application of high-voltage (HV) pulses with an amplitude in the range 10 4 -10 5 V and a rise time of 10 −10 -10 −9 s. It is supposed that runaway electrons (RAE) generated at the beginning of the discharge are responsible for preionization of the gas [9] , allowing plasma discharge to be developed in a nanosecond time scale. The origin of RAE is still the subject of additional research and one of the key questions is the electric field's temporal and spatial distribution in the cathodeanode gap. It is commonly accepted that the source of RAE is the electron emission from cathode whiskers, where significant enhancement of the electric field is realized [4, 6, 10, 11] . However, one cannot also exclude that the emission of RAE occurs from the front of the propagating plasma streamer having a micron scale size head or from the boundary of the plasma channel when it approaches the anode to a distance where the condition for the generation of RAE is fulfilled [4, 12, 13] . In the latter case, the conductivity of the plasma channel should be sufficiently large to allow the plasma to acquire the potential of the cathode. It was found that when plasma bridges the cathode-anode gap, the HV stage of discharge is not terminated [5, 6] , again raising the question of how conductive this plasma is. The conductivity of the plasma channel is also very important for estimating the energy dissipation and, respectively, the efficiency of different devices (pulsed power generators, microwave compressors, etc.) whose operation requires application of the plasma formed during a nanosecond time scale in pressurized gases.
Nanosecond (ns) time scale electrical discharges in different gases at pressure P ≥ 10 5 Pa have been widely investigated [1] [2] [3] [4] [5] [6] [7] [8] due to the interesting physical phenomena involved. Such discharges are ignited by the application of high-voltage (HV) pulses with an amplitude in the range 10 4 -10 5 V and a rise time of 10 −10 -10 −9 s. It is supposed that runaway electrons (RAE) generated at the beginning of the discharge are responsible for preionization of the gas [9] , allowing plasma discharge to be developed in a nanosecond time scale. The origin of RAE is still the subject of additional research and one of the key questions is the electric field's temporal and spatial distribution in the cathodeanode gap. It is commonly accepted that the source of RAE is the electron emission from cathode whiskers, where significant enhancement of the electric field is realized [4, 6, 10, 11] . However, one cannot also exclude that the emission of RAE occurs from the front of the propagating plasma streamer having a micron scale size head or from the boundary of the plasma channel when it approaches the anode to a distance where the condition for the generation of RAE is fulfilled [4, 12, 13] . In the latter case, the conductivity of the plasma channel should be sufficiently large to allow the plasma to acquire the potential of the cathode. It was found that when plasma bridges the cathode-anode gap, the HV stage of discharge is not terminated [5, 6] , again raising the question of how conductive this plasma is. The conductivity of the plasma channel is also very important for estimating the energy dissipation and, respectively, the efficiency of different devices (pulsed power generators, microwave compressors, etc.) whose operation requires application of the plasma formed during a nanosecond time scale in pressurized gases.
Recent time-and space-resolved spectroscopic studies of the nanosecond time scale duration discharge in He gas at P ¼ 10 5 Pa yielded values of the plasma electron density in the range of 10 15 -10 16 cm −3 and very complex dynamics of channel formation [14, 15] . Detailed fitting of several spectral He lines has shown strong evidence of the presence of significant low-frequency (≤10 GHz) electric fields with a rms intensity of ∼10kV=cm inside the plasma channels [15] . Conventional approaches to the nonperturbing measurement of the electric field in plasmas, such as Stark broadening of spectral lines and fluorescence of Rydberg states [16] [17] [18] , become rather complicated analytically at pressures at P ≥ 10 5 Pa, since collisions with neutrals begin to be dominant for low-ionized plasma. Coherent antiStokes Raman scattering (CARS) has proved to be an efficient method for measuring the local electric field in plasmas and gases with a large concentration of hydrogen or nitrogen. The possibility of measuring a static electric field using the absorption of infrared (IR) photons in the induced spectrum of the rotation energy levels of diatomic molecules was theoretically predicted by Condon in 1932 [19] as a limiting case of the Raman effect. This prediction was confirmed in experiments by Crawford et al. in 1949 [20] . In 1991 the experimental setup for the measurement of an electric field by induced IR emission was proposed [21] , and it was implemented several years later [22, 23] . Recently, CARS was used to measure electric fields in dielectric barrier discharges with temporal resolution down to several nanoseconds [24] . CARS is based on the generation of coherent infrared radiation as a result of the biharmonic laser pumping of an initially symmetrical diatomic molecule in an external electric field. This electric field induces the dipole moment of the molecules and allows IR vibrational transitions in the dipole approximation. In the case of the H 2 molecule [see Fig. 1(a) ], the infrared radiation is emitted at the frequency of the Raman-active vibrational-rotational transition Qð1Þ (ν¼0, J ¼1→ν¼1, J ¼1) in the ground electronic state
The application of two biharmonic laser waves [ω p and ω S , see Fig. 1(a) ] leads to coherent vibration (ω p -ω S ) of the molecules with the induced ν ¼ 0 → ν ¼ 1 transition, which causes inelastic scattering of one of the waves [for instance, ω p in Fig. l(a) ]. This scattered wave ω 3 may have a different frequency (nondegenerate CARS, i.e., ω p -ω S þ ω 3 ¼ ω aS ) and, in particular, this frequency may be zero, which corresponds to the case of a static electric field [25] .
Theoretical analysis [23] showed that the value of the external electric field can be calculated as
where I ir is the intensity of IR signal induced by the electric field, I CARS is the intensity of the anti-Stokes signal in the degenerate CARS, I p is the intensity of the pump laser beam, and C is the constant that depends on the experimental conditions, which include the parameters of the medium and experimental setup. Finding the value of C is possible by performing the experiment in the given optical setup with a uniform and known electric field. In Ref.
[26] a polarization CARS technique for measuring the direction of the electric field was employed. In the case where the pump (ω p ) and Stokes (ω S ) laser beams have polarization in the same direction and create a certain angle with respect to the direction of the external electric field, one can reconstruct the angle between the electric field and the lasers' polarization directions, measuring the polarization of the generated IR signal [see Fig. 1(b) ]. A convenient method of measuring the direction of an electric field by means of polarization CARS is to orient the axis of a polarization analyzer first parallel and then perpendicular to the polarizations of the lasers, which yields the intensities of the following components of the IR CARS signal:
where E τ and E η are the absolute values of the tangential and the normal components of the electric field vector (with respect to the orientation of the lasers), respectively, E p and E S are the amplitudes of the pump and Stokes laser waves, respectively, and C 1 and C 2 are the constants, which can be determined, using a setup with an electric field of known strength and orientation. Once the amplitudes E τ and E η are calculated from the measurement, the electric field vector can be reconstructed via ⃗ E ¼ E ττ þ E ηη . In our experiments, an all-solid-state generator [6] was employed, delivering HV pulses with a duration of ∼5 ns at full width at half maximum (FWHM) and an amplitude of ∼100 kV to the diode. The diode was preliminary evacuated (0.1 Pa) and then filled with H 2 gas at P ¼ 3 × 10 5 Pa or P ¼ 2 × 10 5 Pa. The discharge voltage and current waveforms were measured using a capacitive voltage divider and B dot, respectively. The cathode was made of a stainless steel blade with a length of 7 mm, and a width of several μm at its emitting edge. The anode, made of an Al disk of 150 mm in diameter, was located at distances d CA ¼ 10 mm and d CA ¼ 20 mm from the cathode. For the calibration experiment [27, 28] with a known uniform electric field, instead of the blade cathode, a 40-mm diameter stainless steel disc connected to a dc power supply was used.
The laser beam (λ ¼ 532 nm), generated by a Continuum Surelite III laser, was split to excite the dye (LD 688 dissolved in dimethyl sulfoxide) in a Continuum ND6000 laser and to supply the pump (ω p ) laser beam for CARS. The Stokes beam (ω S ) at λ ¼ 683 nm, generated by the dye laser, was coaligned with the pump laser (see Fig. 2 ). Part of the pump laser beam was recorded with a photodiode (Thorlabs SM05PD2A), to monitor the beam intensity. The polarization of both the pump and Stokes beam was rotated using a multiorder half-wave plate to coincide with the direction of the cathode-anode axis. Both laser beams were focused at the interrogation spot in the discharge chamber using a lens. The duration of the laser beams was 4 ns at FWHM and the powers, measured at the input of the discharge chamber, were 40 and 3.5 mJ for the pump and Stokes beams, respectively. Anti-Stokes (λ ¼ 436 nm) and IR (λ ¼ 2.4 μm) radiation, formed at the location of the focus, emerged from the discharge chamber collinearly with the pump and Stokes beams. IR radiation was focused using a lens at the input window of the IR detector (Hamamatsu P5968-060). At the exit window of the chamber a blue filter was used to cut off the pump and dye laser beams. Behind the IR focusing lens a Ge filter was placed at an angle of 45°t o deflect the anti-Stokes beam, which further was focused on a photodiode (Thorlabs SM05PD2A) to monitor the intensity of the CARS signal. To suppress the visible wavelengths and higher orders of the CARS signal, leaving only the IR radiation at λ ¼ 2.4 μm, an additional pack of filters was placed in the front of the IR detector. In experiments where the orientation of the electric field was determined, a Glan-Thompson prism was employed as a polarization analyzer in front of the IR detector. The signals from the 
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week ending 20 DECEMBER 2013 photodiodes, IR detector, voltage divider, and B dot were recorded using a Tektronix digitizing oscilloscope (TDS 694C: 3 GHz, 10 gigasamples=s).
Time-resolved imaging of the light emission from the cathode-anode gap, obtained with a 4QuikE intensified fast framing camera, showed that discharges are initiated from the top and bottom edges of the cathode, apparently due to the enhancement of the electric field at those locations [see Fig. 2(b) ]. Thus, to study the electric field evolution in the plasma channel, IR signals were collected from two locations: at the distance of 1 mm (d C ¼ 1 mm) from the cathode's top edge and from the middle of the discharge channel, i.e., 10 mm (d C ¼ 10 mm) away from the top edge of the cathode.
On average, a hundred shots were recorded for each set of experimental conditions (cathode-anode gap, gas pressure, and distance from the cathode), spanning the time period of ∼20 ns with respect to the beginning of the discharge current. The temporal resolution of the diagnostics was determined by the duration of the laser pulses. Since the intensity of the CARS radiation I aS ∼ I 2 p I S and the intensity of the IR radiation I ir ∼ I p I S [23] , one can consider that the results are primarily dependent on the intensity at the peak of the laser pulse, the duration of which is ∼2 ns and, respectively, 2 ns was considered as the effective time resolution. A t ¼ 0 time was set, where the voltage pulse reaches 30% of its amplitude and all the shots were assigned times of the CARS signal onset with respect to t ¼ 0. Subsequently, shots were divided into groups belonging to 1 ns duration time intervals, and the amplitudes in each time interval were averaged to represent an averaged signal for this time interval.
The temporal evolution of the electric field at the distances of 1 AE 0.5 and 10 AE 0.5 mm from the cathode for different pressures and cathode-anode gaps with the corresponding measured voltage and integrated B-dot current waveforms is shown in Fig. 3 . The presented voltage and current waveforms for d CA ¼ 20 mm differ insignificantly from those obtained for d CA ¼ 10 mm; namely. in the latter case the amplitude of the voltage was ∼20% smaller and that of the current ∼30% larger. Also, the presented voltage waveform was not corrected for inductive voltage LdI=dt ≤ 20 kV, where L is the inductance of the cathode holder.
The most obvious observation is the presence of a significant electric field in the plasma channel with peak values up to E ¼ 30 kV=cm. The electric field evolution follows closely the waveform of the HV pulse applied to the cathode-anode gap, with both approaching their peaks simultaneously. Another result is that the electric field in the vicinity of the cathode is comparable to or even lower than the one measured in the middle of the discharge channel. One can suppose that the enhancement of the electric field due to the geometry is compensated by the greater density of the plasma at that location, resulting in a lower electric field penetrating the plasma. In addition, a very important observation is that the rms values of the electric field are similar to ones calculated via the fitting of He I spectral lines [15] . The presence of such high electric fields inside the discharge channel shows that the plasma produced in nanosecond discharges is highly resistive, and it cannot acquire the cathode potential to the head of the 
propagating plasma channel. One can also estimate the density of the plasma based on the measured electric field and assuming low-ionized plasma where electron-neutral collisions play a dominant role [29] :
n e ≈ 3.6 × 10 16 In n V e σ tr ðSEÞ −1 ≈ 10 15 -10 16 cm −3 ; (4) where I ≈ 800 A is the discharge current, S ≈ 0.08 cm 2 is the cross-sectional area of two discharge channels which was estimated using side-and front-view time-resolved images of the discharge channel, E ≤ 30 kV=cm is the electric field, n n ≈ 6 × 10 19 cm −3 is the neutral density, V e ≈ 10 8 cm=s is the average thermal velocity of electrons for temperature T e ≤ 2 eV [15] , and σ tr ≈ 10 −15 -10 −16 cm 2 [29] is the collision electron-neutral transport cross section. This rather rough estimate is also in satisfactorily good agreement with the values of the plasma electron density obtained using time-and space-resolved spectroscopy studies [15] . The large resistivity of the plasma can be explained by the high frequency (ν m ≈ 2 × 10 12 s −1 ) of the electron-neutral collisions, which are several orders larger in frequency than the frequency of the electron-ion ion collisions. Thus, one can estimate the resistivity of this low-ionized plasma as [29] σ ¼ 2.82 × 10 −4 n e ½cm −3 ν −1 m ½s −1 ≈ 0.5 Ω −1 cm −1 and the average resistance of the discharge channels as R ch ¼ σ −1 lS −2 ≈ 75 Ω for an effective length of the plasma channel l ≈ 3 cm. This rough estimate also agrees satisfactory with the average resistance of the discharge channel at t ≈ 2.5 ns calculated as R ¼ V=I ≤ 70 Ω where V and I are the diode voltage and current, respectively.
In order to find the direction of the external electric field, the dependence of the IR intensity on the angle of the polarization analyzer placed at the entrance of the IR detector was obtained. The Glan-Thompson prism was rotated in intervals of 10°, throughout 180°[see Fig. 4(a) ]. At each angle intervals 50 shots with maximal IR amplitudes and shot times falling in the same time interval of ∼2 ns duration were recorded. These signals were averaged to represent the signal level for the given angle [see Fig. 4(b) ]. One can see that the IR intensity nearly vanishes at ∼90 ∘ , when the orientation of the polarization analyzer is perpendicular to that of the laser waves, hence, implying E η ≪ E τ , i.e., that the electric field orientation is nearly collinear with that of the lasers. To summarize, the results obtained using the CARS method show the existence of an electric field with rms values of up to tens of kilovolts per centimeter, directed mainly along the cathode-anode axis in the plasma channel during a nanosecond time scale discharge in H 2 gas at P ¼ ð2-3Þ × 10 5 Pa. The found electric field with an amplitude of several tens of kilovolts agrees with the results reported in Ref. [15] and shows that the plasma channel presents low-ionized plasma characterized by a rather larger resistivity. The high value of the electric field obtained can be explained by the high frequency of the electron-neutral collisions. However, this electric field is not sufficient for the formation of RAE in H 2 gas from electrons produced in bulk in the plasma channel because there is not sufficient energy and the length of the cathode-anode gap is only a few centimeters [30] . The obtained evolution of the electric field in the discharge channel of a nanosecond time scale discharge is of great importance because it makes doubtful the suggestion [3, 4, 12] of the possible emission of RAE from the head of the plasma boundary propagating toward the anode, in this gas. Also, the high resistivity of the nanosecond-time scale discharge in a pressurized gas leads to a large energy dissipation, which should be accounted for in different devices where such a type of discharge is used.
